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« Computational biology
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« Computational chemistry
» (Bio)Molecular modeling
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MonekynapHoe mogenmpoBaHue

* [locTpoeHue n ndydyeHne mogenen Monekyrn c Luenbko
NOHUMAHNSA UX CTPOEHUA, PYHKUUN, BOSMOXHOCTU

paunoHanbLHOro gn3anHa MosneKkyn ¢ 3agaHHbIMU
CBOMCTBaMM.

«Mopgernb ecTb abCcTpakTHOE npeacTaBrieHNE peanbHOCTU B KAKOM-NNOOo

dopme (Hanpumep, B maremMaTuvyeckon, dusn4yeckom, CUMBOSINYECKON,
rpadouyeckon nnn geCKpUNTUBHON), NpeaHasHavYeHHoe angd npeacraBrieHus

onpeaenéHHbIX acneKkToB 3TOW peanbHOCTU U NO3BONAOLLEe Nony4YnuTb OTBETHI
Ha n3y4yaemble BOMPOCHI»
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MonekynapHoe mogenmpoBaHue

* Molecular modeling
« Computer simulations
* Molecular simulations

Modeling and simulation (M&S) at simple terms is a substitute for
physical experimentation, in which computers are used to compute the
results of some physical phenomenon.

Computer simulation is the reproduction of the behavior of a system using
a computer to simulate the outcomes of a mathematical model associated with said
system. Since they allow to check the reliability of chosen mathematical models,
computer simulations have become a useful tool for the mathematical modeling of
many natural systems In physics (computational
physics), astrophysics, climatology, chemistry, biology and manufacturing, human
systems in economics, psychology, social science, health care and engineering.
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MonekynapHoe mogenmpoBaHue

Buabl Mmoaenen:

- CTpyKTYypHasa — no3numn atToMoB B MPOCTPAHCTBE.

- [nHamun4yeckas

- MexaHun4yeckad

- KBaHTOBa4

- Pusunyeckasa — yYMTbiBaeT B3aMMOOENCTBMNA MeXay aToMaMu.
- KomnbloTepHas
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MecTo MonekynsapHoro MoaenMpoBaHUsa B UCCIeA0BaHUAX

OKCNEPUMEHT He AaeT HaM NPAMOU MHPopMaLMK O NOJSTIOXKEHUN aTOMOB —
BCE HalUW NpeacTaBneHns 0 CTPOEHUN DMOMONEKYI — pe3ynbsraT
NOCTPOEHNA (KOMMNbIOTEPHbLIX) MOAENEWN, 3a4acTyto C UCMOSIb30BAHMEM a
priori "(HopmMaunm 0 PU3NYECKUX B3aMMOOENCTBUAX MexXay aToMaMM.

3Hasa domsnyeckme/aMnmMpuyeckme 3akoHbl B3aMMoaenCcTBUA MOJSIEKYIT Mbl
MOXXEeM nonpoboBaTb NpeackasaTb X CTPOEHME 1 NOBeOEHME.

Maltose substrate

R Y

¥ ¥

Glucose products




Modeling at various scales

HY = FW

Quantum
chemistry

F =ma (o g/
Molecular Coarse grain
mechanics models

Model accuracy

Computational complexity

Time scales under study

System sizes under study

Continuum
models



“Static” vs “dynamic” modeling

v-py Fomi G

Quantum Molecular Coarse grain Continuum

chemistry mechanics models models
. Electronic structure Structure optimization, Mechanical properties
StatIC calculations, Vibration spectra
Structure optimization, calculation
Spectral calculations
. Ab initio molecular Molecular dynamics Coarse grain molecular Hydrodynamics,
Dyn a mi C dynamics, dynamics aerodynamics, heat

Car-Parrinello transfer, diffusion, etc.

Molecular Dynamics

Dynamics: how things change with time?



MD basic idea in a nutshell

* Use classical mechanics to represent atoms and their
interactions

F — m x g -Newton’s second law links force and
acceleration

0
C
HO™  H

Formic acid



Example: switching of an ion channel

0.0us

Science 2012, Morten . Jensen et al.

“Mechanism of Voltage Gating in
Potassium Channels”

VOLTAGE-GATED CHANNELS

(A) Na* (B) Ca* C) K* (D) CI
channel channel channel channel
Na'g Ca'y

... ("

Voltage
sensor

Neuroscience. 2nd edition.
Purves D, Augustine GJ, Fitzpatrick D, et al., editors.

Sunderland (MA)

Potassium voltage gated
channel

Simulation details:

~250 Us

~200 000 atoms



Example 2: DNA packing in nucleosomes

20 an

LM NICOS SO

DNA

M higome
"_s'\(\:ﬂ)"-’

Solenoid model of the 30-nm condensed
chromatin fiber in a side view

Molecular Cell Biology. 4th edition.
Lodish H, Berk A, Zipursky SL, et
al.

New York: W. H. Freeman; 2000.

Time 0.0 ns

Simulation details:
~300 000 atoms

Unwrapping of DNA from nucleosome



When and why use MD?

 MD as “computational microscope”
« Ultimate, but tough goal :

given the sequence -> simulate protein folding -> simulate
function — not practically feasible!

* Need experimental 3D structure of protein to start with.
* Where to get it? => experiment or homology modeling



Time scales of protein motions

Simulation MD steps

time, A
approx.
Int. 10 S | Allosteric transitions
Local denaturations
250vears 1012 ms — Buried sidechain rotations
100 days  10° MS -
01day 108 ns . Hinge bending
Surface sidechain rotation
— Elastic vibrations
103 PS
Bond stretching
1 fs MD time step




When and why use MD?

104
Cells
0%
Organelles
104
ofn Assemblies
£
5 ,0‘
g Proteins
100 a-helices
B-sheets
10! Atoms
Increasing
resofution | (
10 10¢ | | 107 } Static
Time (s)
Light Proton Solute permeation
absorption transfer
oot il I (R e Sl [ G o o] B e B Annu Rev Biophys. 2012;41:429-52. doi:
fi=gigirid 10.1146/annurev-biophys-042910-155245.
C;a‘?"i'n'g‘" ttmet'i“m Biomolecular simulation: a computational
i 5 gy | microscope for molecular biology.
Domain Action Dror RO, Dirks RM, Grossman JP, Xu H, Shaw
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Basic theory behind MD simulations

* Physical laws and approximations
 Classical force fields

* Numerical integration, integration step and timescales



From quantum to classical

Feasible for 3 atoms

P )
52U — AU
gy =>

Time dependent non-relativistic
Schrodinger equation

Feasible for millions to
billions of atoms

Construct empirical

approximate
force field <=

Bond Angle

OO o

()

Usually very simply, no bond breaking,
ground state, pairwise interactions

\Ijtotal — welectronic X wnuclear

Born-Oppenheimer approx.,
Separate nuclei motion from
electronic
(not valid for photochemical
reactions, charge transfer)

1
VvV

Assume classical motion
of nuclei on electronic
potential energy surface

—
—
F=m=xa
Newton’s second law

Not true for motions faster than 100 fs
(bond, angle vibrations), no tunneling, no
proton hopping



What to expect/not expect from MD?

Yes, If sufficient time and

No, per se: |
force field accuracy:

Chemical reactions
Protonation/deprotonation

1

zg 1) Conformational motions
3) Charge transfer

4)

2) Allosteric transitions

Excited states 3) Ligand non covalent

binding
l 4) Diffusion
Although possible with various l
hybrid methods: ab initio MD, Where equilibrium dynamics
QM/MM, etc. appears to be too short,

advanced sampling methods
exist: umbrella sampling, meta
dynamics, etc.



Mechanics: main concepts

Newton’s Il law

Differential form

Potential energy

Total energy,
or Hamiltonian




Typical biomolecular force field, p. 1

Bonded terms




Typical biomolecular force field, p.2

Electrostatic
(Coulomb)

4iq;
[J. —
9 r

Non-bonded terms

o)

r

)~

Lennard-Jones
potential

[

o)

r

-




Typical biomolecular force field, p. 3

Bond Angle

Torsion Improper

f%*",az

Non-bonded

( ,
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Common force fields

For biomolecules:
CHARMM, AMBER, GROMOS, OPLS
Satellite general force fields (for ligands):

GAFF (for amber), GenFF (for charmm)

Corresponding water models:
TIP3P, SPC, TIP4P, TIP5P, SPCE/e, TIP4P-Ew, etc.

Many other force fields exist for other/ special purposes: e.g. CLASS
2 force fields (PCFF,COMPASS), polarizable force fields, reactive
force fields (ReaxFF), coarse grain (MARTINI), united atom
variations of AMBER and CHARMM, etc.

When choosing a force field it is better to consult original references!



How to get atoms moving?

d’r -
- F/m Newton’s Il law is differential equation

Solve it numerically!
Integrate it using a discrete time step!

dr;, _ = ri (t+AL) =7 (t) _ =
dr — Y1 At R
t. R | > v; (t+At)—v;(t) F_)@(t)/mz



Velocity Verlet integration scheme

(leap frog algorithm)

*No long term energy drift (except
for rounding errors)

*Nice stabillity

*Time reversible

*Global error of order O(t*2)

Example of MD simulation



Close look at simple MD simulation

1 |

Potertal Energy
08 | Current Posbon
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Oxygen molecule i 0124
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Is MD trajectory close to real one?

On short time scale — probably.
On long time scale — fundamentally not possible!

Lyapunov instability The system is chaotic!
of particle trajectories

o o
* Infinitesimal
{Tg } / differences in initial
- /\ conditions may drive
vy T € system to different
{ K } states!

View MD as a statistical method — averages and evolution of
averages are only meaningful on long time scale.




«dunocodpckoe» orcrynneHue 1

2 3aKOH TepMOAMUHAMUKKN VS 2 3aKOH HbOTOHa

F=m=xa
L, du d?7
= YT dt T ar

TIME REVERSIBILITY,

COMPUTER SIMULATION,
AND CHAOS

William Graham Hoover




«dPunocodpckoe» orcrynneHue 2

[lemoH Jlannaca

Mbr MOXEM PECCMATPHBATL HACTORLEE COCTORHNE BCENeHHOR KaK CNeACTBHE €ro npownoro 1
npuynHy ero Oyaywero. Pasym, KOTOPOMY B KaXXAkii ONPeaenéHHbit MOMEHT Bpemekn Obinn Gkl
H3BECTHLI BCE CHNLI, NPHBOARLME NPHPOAY 8 ABHXEHHE, H NONOXEHNE BCEX TEN, U3 KOTOPLIX OHa
COCTOMT, OyAlb OH TAKXKE QOCTATOYHO OOWMPEH, YTOOL NOABEPIHYTL ITH AaHHBIE 8HANN3Y, CMOT
Ot OOLATE BANHLIM 3AKOHOM ABHXEHHE BENNYARWNX TN BCONeHHOK M MENLYARLIEro aroma,; Ans

TAKOro pasyma HHYero He 66ino Okl HEACHOIO M Byaywee CywecTsoBano Okl B8 ero rnasax TovHo
TaK Xe, KaKk npownoe.

B omnocodum ¢ pasHUx nop Bea@TcA Cnop O cywecTeosalum ceoboabl BONK, eé onpeaeneHnm v
npupoae. CywecTsyioT ABe NPOTUBONONOXHLIE NO3UUVN;

o METAMUINYECKHA NNOEPTaPHaHN3IM — YTBEPXAEHWNE, YTO ASTEPMUHNU3M HEBEPEH U, TaKUM
obpasom, ceobona BONU CyLECTBYET UK NO MEHbLLUEN Mepe BO3MOXXHA,

o XECTKUA ACTEPMHUHNIM — YTBEPXAEHUE O TOM, YTO AETePMUHU3M BepeH U ce0boabl BONK He
cywecrsyer.

Moep-Cumon ge Jlannac
Pierre-Simon de Laplace

Nannac 8 mynampe kasunepa Cenara. OparmenT
noprper kucTu XXana-barucra Nepesa, 1838

Dara poxaenuna 23 mapra 1749

Mecro Bomon-am-Ox, Hopmanamna
POXACHUA

Oara cmep™™ 5 mapra 1827 (77 ner)
Mecro cmeptu  [Mapux
Crpana B} ©panumna

Hayunan chepa wmaremaruka, mexaumxa, hwanka,
acTPOHOMHA



Common MD techniques

Needed almost in every simulation

*Periodic boundary conditions

Interaction cut off

Electrostatics

*Constant temperature/pressure simulations
*Rigid bonds

Parallelization and HPC computing



Periodic boundary conditions

A trade off to alleviate boundary effects

Fk;mzf’—l—k*&’—l—l*g—l—m*é’



Non bonded interaction cut off

Simple cut off radius

Switching function may
be used to zero the
truncated potential
smoothly over some
additional distance
beyond cut off

Ur 5 = 4e (

Lennard-Jones

potential




Is it fair to cut off electrostatics?

qiq;
[J —
¢ T

Coulomb potential

(r;) = q}:|n | qzln rJ—I

® V.=471R?xdR

Using plain  cut offs for
Coulomb interactions is known
to be bad for charged systems

Eg.. DNA will be unstable, lipid
simulations will behave badly,

etc.



Ewald summation method

; ~VZb(r) = 4mp(r)

Poisson equation — can be solved
for periodic systems in Fourier space

! Add and subtract a Gaussian
smeared charge

voly 44
2 Galr =7+l VV l V Pewe () =—q.(a | )" exp(-ar?)

How to calculate it?

Real part Fourier part

rf N
72 Zq'qfe C(*/—r) 21V21—72[|p(k)|zexp(—k2/4a)—(a/7r)l/2qu
k#0 i=1

l#]

Faster modification: Particle Mesh Ewald (PME) method, makes use
of grid interpolation and fast Fourier transforms, scales as N*log(N).
This is an accepted standard for MD simulations now.



Constant temperature simulations

\WWhy use temperature coupling?
--Compensate energy drift
-NVT ensemble H

Pmicrostate X e kI

Thermostate . L
T=300K Gibbs distribution

Two possibilities:
1)Add stochastic interactions
2)Use modified equations of motion



Constant temperature simulations 2

Stochastic approach

Andersen thermostat

_ —vt
-random collision with virtual particles P(t) = ve

Langevin stochastic dynamics
-add friction and stochastic term

d*r; = dr;
L =F —A— +n(t
e T

(ni (£)m; (t)) = 2XkpT;, ;6 (t — 1)



Constant temperature simulations 2

Langevin dynamics

Oxygen molecule
Stochastic dynamics simulation
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Constant temperature simulations 3

Berendsen thermostat

sz 3N — N.) Zmz -instantaneous temperature

Modify equations of motion
-re-scale the velocities of particles, multiply by

A= /To/T(t)

(1) incorrect ensemble, flying ice cube effect may happen



Constant temperature simulations 3

Berendsen thermostat

Oxygen molecule
NVT simulation
Leap-Frog integrator
Integration step 1 fs
Berendsen thermostat
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Constant temperature simulations 3

Nose-Hoover thermostat

Extended system approach
-add a “bath particle”
-modify equations of motion, Non-Hamiltonian dynamics

-gives NVT ensemble if:
1) No external forces, 2) there is only one conservation

law, 3) the system is ergodic

d*r; F,  d¢dr
2 , 1 .

ar® - m; o dbtdt g = B+ U+ -QE + NpkTE

PE_ Nk o 2

2~ Q ’




Constant temperature simulations 3

Nose-Hoover thermostat

Oxygen molecule
NVT simulation
Verlet integrator

Integration step 1 fs
Nose-Hoover thermostat

Lnemgy. KJlimol

Lrergy, kol
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Constant temperature simulations 3

Nose-Hoover chains ...

D;

F;—

1
Q1

2 )|
Qu
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From D. Frenkel, B. Smit “Understanding Molecular Simulation,
Second Edition: From Algorithms to Applications”

Nose-Hoover will not be correct for an
oscillator, and “harmonic” systems.
Use NH chains instead!

e \kaT-ut

-

|

- &6

Q} IE_] | kUTsc-t] _éjéjﬁol ,j — 2,...,;M—1

[Q\! 15\! 1 kBTec'tJ ,



Constant temperature simulations 3

Nose-Hoover chains

H

"W'f-" Lf’f_(u‘\'
Current Poston .

9
E 4
1
0
01 005 0 005 0.1
L-Lo
& v D135
8
Oxygen molecule : 013§
NVT simulation 2 ° o1zs B
Verlet integrator £ -
Integration step 1 fs v W e
Nose-Hoover + chains thermostat | Lumtoegy — | o115
‘.o %0 100 150 200

Tme. Is



Constant pressure simulations

Berendsen Barostat

| I P =nkT + vir/V

1 .
VI = 3 Z JiiTi
o® o
O . .
O ® O Ty — UT;
O O L — ulL
) A _
NPT-ensemble H= _1 T (P - PO)_

A more robust and flexible algorithm is Parrinello-Rahman
method, gives correct ensemble.



Rigid bonds

» Special algorithms (SHAKE,RATTLE,SETTLES,
etc.) can keep bonds between the atoms fixed.
(Holonomic constraints)

* This usually allows to increase integration timestep
to 2 fs.



Computational costs of MD cycle

Initial coordinates Computational time
> Ko(0—00)* + )
sssm) Force calculation " , N
ZMU + cos(ng — @o)) | %
oV ¢ _
F’i:_ FZ: F o\ 12 o6
or 2 B SO O 1 -e0
| 2 vy I %
==  Coordinate update
d’r; F,
9 =i = ~O1
dt my; %

|

Data output



Parallel computing

GRIDs, distributed
computing, etc

supercomputing
(general, with
GPU, ASIC, etc)

System under
study
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Domain/task decomposition




Special architectures

Specially designed Application Specific

Integrated Circuits (ASIC):

« MD GRAPE, RIKEN, Japan

 ANTON computer, D.E. Shaw
Research, USA

David Shaw

Born David Elliot Shaw
March 29, 1951 (age 67)

Alma mater University of California, San Diego
Stanford University

Occupation Investor, computer scientist, and
hedge fund manager

Known for Founding and managing D. E.
Shaw & Co.

Net worth US$ 6.2 billion (June 2018)("]

Chemical system (PDB ID) Numberofatoms Approximate performance (microseconds/machine-day)*

DHFR (5DFR) 23558 174
aSFP (1SFP) 48423 117
FtsZ (1FSZ) 98236 5.7
T7Lig (1A01) 116650 5.5

http://www.psc.edu/index.php/computing-resources/anton



Software for MD simulations

« CHARMM

- AMBER

* NAMD

* GROMACS
 DESMOND

* TINKER
 LAMMPS
 DL_POLLY

» GROMOS

« CPMD, CP2K, ...



How do | do an MD simulation?

p
Obtain structure

~

)

- D
Check/modify

from PDB
N J N J
System A g Energ A
y y
equilibration <i minimization
N J N J
Prozit'on A g Trajector
ucti j y
run/Trajectory j> analysis

- generation -~

Y

Solvate/ionize

o

~

-

Generate
topology/Assign

|

force field



PDB and MM crystallography

< _ B
Obtain structure

)

- D
Check/modify

from PDB
N Y N J
System A g Energ A
y y
equilibration <i minimization
N J N J
Prozit'on A g Trajector
ucti j y
run/Trajectory j> analysis

- generation -~

Y

Solvate/ionize

o

~

-

Generate
topology/Assign

|

force field



PDB and MM crystallography

» Google PDB — go to PDB site
»> Type 1ubq, press search

» Press 3D-View

» select Structure -> “asymmetric unit”; Crystal packing -> “3x3 unit cell ...”

» Go back to summary

+ ~90% - determined by macromolecular crystallography

 How do | assess the quality of structure?

Method: X-RAY DIFFRACTION

.@h crystal
....,,‘
diffraction
pattern

electron
density map

refinement

atomic
-, model

Image by Thomas Splettstoesser (www.scistyle.com)

Exp. Data:
BMRB 7/

¥ Structure Factors

EDS (¢
Resolution[A]: §
R-Value:
R-Free:
Space Group:
Unit Cell:
Length [A]
a = 50.84
b=42.77
c = 28.95

1.80

0.176 (obs.)
n/a

P2q 2924

Angles [°]
a = 90.00
B =90.00
y = 90.00



Resolution, R-factor and quality

From Wlodawer A, Minor W, Dauter Z, Jaskolski M. FEBS J. 2008 Jan;275(1):1-21

& astex

Electron density maps at
different resolutions

From
http://www.rcsb.org/pdb/101/static101.do?p=education_discussion/Looking-

Resolution S Q Q Q L 8
(A) ™ o o - - -

10

0.65



Checking Ramachandran plot

» On PDB page click Links menu
» Click PDBSum
» Click PROCHECK




PDB format

»Return back: You can Google 1ubg
» Click Display file -> PDB File

ATOM 1 N MET A
ATOM 2 CA MET A
ATOM 3 C MET A
ATOM 4 0O MET A
ATOM 5 CB MET A
ATOM 6 CG MET A
ATOM 7 SD MET A
ATOM 8 CE MET A
ATOM 9 N GLN A
ATOM 0 CA GLN A
Atom Re3|due
name name

Chain ID

26.266
26.913
27.886
25.112
25.353
23.930
24 .447
26.335
26.850

NN et et o e e b

\ =R

Residue
number

27.340

24.
25.
26.
26.
24.
.B860
23.
23.
27.

24

430
413
639
463
880

959
984
770
.021

!

uwdwmwbuww
R A S E T AC I R LAY N

Pt bt e e e e e e e
-

.00
.00
.00
.00
.00
.00
.00
.00
.00

9.
10.

9
9

9

.62
.62
13.
16.
17.
16.
27

B-factor

'

67
38

17
29
17
11

OZoOononoonona

.07

Occupancy



How do | do an MD simulation?

p
Obtain structure

~

)

- D
Check/modify

from PDB
N J N J
System A g Energ A
y y
equilibration <i minimization
N J N J
Prozit'on A g Trajector
ucti j y
run/Trajectory j> analysis

- generation -~

Y

Solvate/ionize

o

~

-

Generate
topology/Assign

|

force field



Topology file

RESI ARG
GROUP
ATOM N
ATOM HN
ATOM CA
ATOM HA
GROUP
ATOM CB
ATOM HB1
ATOM HB2
GROUP
ATOM CG
ATOM HG1
ATOM HG2
GROUP
ATOM CD
ATOM HD1
ATOM HD2
ATOM
ATOM
ATOM

s REAS B RE oS BS B RS R

HH11
|
HB1 HG1 HD1 HE NH1-HH12
| I | | //(+)
A—CB-—-CG—CD--NE--CZ
[ ) \
HB2 HG2 HD2 NH2-HH22

|
HH21

>
>

HA-

T
) — — () ve——




Force field parameters file

BONDS
[

1V(bond) = Kb(b - b@)sk2
|

IKb: kcal/mole/Axok2

'b@: A

‘atom type Kb Do
|
!Carbon Dioxide
CST O0ST 937.96 1.1600 ! JES
IHeme to Sulfate (PSUL) link
S ERERE 250.0 2.3200 !force constant a guess
lequilbrium bond length optimized to reproduce
ICSD survey values of
12.341pm@.01 (mean, standard error)
tadm jr., 7/01
C 600.000 1.3350 ! ALLOW ARO HEM
! Heme vinyl substituent (KK, from propene (JCS))
CA 305.000 1.3750 ! ALLOW ARO
! benzene, JES 8/25/89
CE1l 440.000 1.3400 !
! for butene; from propene, yin/adm jr., 12/95
CE2 500.000 1.3420 !




NAMD conf file

AHABHA B IRBR AR ARG IR BB R AR R AR BB BB BB AR A AR R BB EAARAB R AR IR BB A AR ARHHR
## JOB DESCRIPTION ##
RURHURHUBHRRABRRBBRBRARRARBH BB BBRRBH BB RBBHERABRABRAGABRABR AR IR

# Minimization and simulation
# of Ubiquitin in a Water box

HHARURAH IR RARR AR TR R RARR AR B R BB RBR AU R R R AR AR R AR RAR AR ARR AR AR
## ADJUSTABLE PARAMETERS ##
HHAURHBHERBRARABHBRBRAR ARG R BB BB RBH U BB R EARAAR RS RERBRARRAHBRH

structure ubq_ready.psf
coordinates ubq_ready.pdb

set temperature 310
set outputname simul

firsttimestep 0
HBHURBU BB URRURRURUBRRBR AR AR YR BBRBRUR BB R BB BR B R U U R B R BB BR BRI RH

## SIMULATION PARAMETERS ##
HHARHHHHHR AR U R AU HB R RBR AR H R BB BB BHUHAUH R R IR B R AR R AR B AR AR AR R




How do | do an MD simulation?

p
Obtain structure

~

)

- D
Check/modify

from PDB
N J N J
System A g Energ A
y y
equilibration <i minimization
N J N J
Prozit'on A g Trajector
ucti j y
run/Trajectory j> analysis

- generation -~

Y

Solvate/ionize

o

-

Generate
topology/Assign

|

force field



Trajectory anal

MD simulations of H3-H4 with DNA. tails truncated
Histones H3

Histones H4

Histones H2B
Min groove ARG

AT pairs

Time: 1.0 ns

MD simulations of H3—H4. tails truncated, PCA eigenv. 1 interp

Histones H3
Histones H4

Histones H2B

Min groove ARG

AT pairs

SIS

40
s
301

tA)

M

20+
15
10

RMSD = min
rot,trans

1 N
~ (7% — 730)?
Al 1=1

|III|IIII'll'llll--oll--lln.-l-lllllllll-llllllln.ll--l----l-ll.lllllll.llllllllllllll.'.lll
cTvALS @@y o@sTELL 1L pFo@L VBT AoBF@TELlF 0SS AVMALOEASBAYLYALFERTNLCATEAGRY TI ¥ PRI QL AR I BGEIA

Joegedueegacen. SLaeageoeaoogonoa gaocaoeaapagogopeaageapepoeon. - gocaoeooan
alphaN alphal betal alpha? beta?  alphal

<
1 4

5=



MeTtoabl MoHTe-Kapno

« PelleHne geTepMMHNPOBAaHHbIX 3a4auy C
MCNonb30BaHNEM reHepaTtopa crny4YanHbIX
yucne.

n=3000 ==~ 3.1133
10 “r umr : —

0.8 1
061
0.4

0.21 554

0.0 . ——
0.0 0.2 0.4 0.6 0.8 1.0

BbluncneHue
yucna l'lu



PacnpeaeneHue N'mbbca/bonbumaHa

AAAAA

| e G
- Q OiK_"\ J ‘ ]
\/\‘_/?‘) /"!' ‘\i\") ) orsion Improper
N\ “*—?{’\/ WM{
/ /
- \ v \“ Mool
) § )
-l -
{
(,'(:I;:): 2 Lk,(l—l,,)'«}» 2 :k,,(()—(),) + z :I [14cos(np—q,)]
&5 - = . [ g, & o, ) q.4q I
+ZZA(}’_},) +z|z.| 1€ {{ r J _[‘ r ]:l+4ﬂl r I/

U
Pmicrostate xX e kI

PacnpeneneHne 'mbbca




Anroputm MeTtpononuca-XacTUHrca

MC compares energies. No forces calculated.

-AE /KT
il =
Inequilibnum at T: \
S pE) _ @EyKT [~
: ¢
R R P(E) AE
O Prescribes transition probabilities to satisfy detailed balance,

given desired hmiting distribution
O Rec pe
From a state :
* with probability 7, choose a trial state j for the move (note: 7, = 7,)
 if ;> =, accept ) as the new state
* otherwise, accept state ) with probability =/,
generate a random number R on (0.1); acceptif R <xn/=n

* if not accepting | as the new state, take the present state as the next
one in the Markov chain (7y #0)

')
Pmicrostate X e kT

Gibbs distribution

Nile
Metropolis scheme:




Markov Chain Monte Carlo (MCMC)

Angpen Angpeesuy Mapkos

Oara poxpaenua 2 (14) nioHA 1856 unu
14 viorn 1856!"]

MecTto PRaauxb, Poccuitckan
pOXaeHUA wmnepual®!
Daracmeptu 20 wiona 19221211 (66 ner)
(2]
MCMC Algorithm Mecto cmeptu  [ervporpan, PCOCP
L(D)
./.
Fd
. »
/. @
. 2
e l
..!.II|||| || I||||Il| a
Approximated L(D)
1) Draw new parameter @' close
to the old ®
2) Calculate L(®)

3) Jump proportional to L(®")/L(D)



MeToAabl AOKUHTA

Molecular Docking

Dvug Dscovery Tockey

benok-6enkoBbl OOKUHT



MeTtoAabl AOKUHra: PYHKLUNU CKOPUHTA

Ligand (L) L-T Complex

Docking . Scoring
“ e =3 E,,(kcallmol)

Target (T)

1. Molecular mechanics force field-based scoring function:

2. Empirical scoring function:
E,  =E, +E,,,Zf(AR Aa)+E,. Y f(AR,Aa)+E,Y |4, |+E, NROT

tonic lipo
3. Knowledge-based scoring function:
g rec lig
Eva=7) 0 E,(r)+(- /)xI:ZE(SLS'J S4S4O)+ZE(S4S4,S4S4O)

I=] =l




UcTopuna n HeKoTopble npumepbsl

« 1953 — Metropolis, N.; Rosenbluth, A.W.; Rosenbluth, M.N.; Teller, A.H.; Teller, E.
"Equations of State Calculations by Fast Computing Machines”, JCC, Monte-
Carlo Method used for particle simulations

« 1957 - Alder, B. J.; T. E. Wainwright (1959). "Studies in Molecular Dynamics. |.
General Method". J. Chem. Phys. 31 (2): 459 — First MD simulations

« 1975 - M. Levitt & A. Warshel, “Computer simulation of protein folding”, Nature

« 1979 - Dynamics of ligand binding to heme protein, DA Case, M Karplus J Mol
Biol

« 1983 - Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S,
Karplus M (1983). "CHARMM: A program for macromolecular energy,
minimization, and dynamics calculations". J Comp Chem 4 (2): 187-217.

« 1988 - M Levitt and R Sharon “Accurate simulation of protein dynamics in solution”
First MD In explicit solvent



UcTopuna n HeKoTopble npumepbsl

[ndpapyans
CO yepes

nopTanbl B
MUOrMoounHe

Atomic level computational identification
of ligand migration pathways between
solvent and binding site in myoglobin

[PNAS |

Jory Z. Ruscio®, Deept Kumar', Maulik Shukla®, Michael G. Prisant®, T. M. M , and Alexey V. Onufriev's?
netic, Bicinformatics, and Computational Biology Program and Departments of "Computer Science sed Mhyaics, Virginia Polytechic atitute and State
University, Blacksburg. VA 24061; and *Department of Siochemistry, Duke Uriversity Medical Center, Durham, NC 27710

Edited by Robert L Baldwin, Stanfeed University Medial Center, Stanford, CA, and apgroved March 25, 2008 {received for review November 15, 2007)



UcTopuna n HeKoTopble npumepbsl

Hiéiéné§ HéA
DNA

Hykneocombl

: -
jmb I

Coupling between Histone Conformations and
DNA Geometry in Nucleosomes on a Microsecond
Timescale: Atomistic Insights into Nucleosome
Functions



UcTopuna n HeKoTopble npumepbsl

NOHHBbIE
KaHanbl

Sauguet L*, Poitevin F*, Murail S*, Van Renterghem C, Moraga-Cid G, Malherbe L, Thompson AW, Koehl P,
Corringer PJ, Baaden M, Delarue M. Structural basis for ion permeation mechanism in pentameric ligand-
gated ion channels. EMBO J. 32, 728-41. *Contributed equally.

emboj.embopress.org/content/32/5/728




Thanks for your attention!




Suggested reading:

Text books:

D. Frenkel, B. Smit, “Understanding Molecular Simulation, Second Edition:
From Algorithms to Applications”

Reviews:

*Dror RO, Dirks RM, Grossman JP, Xu H, Shaw DE, “Biomolecular simulation: a computational
microscope for molecular biology“, Annu Rev Biophys. 2012;41:429-52

Useful papers:

*Wlodawer A, Minor W, Dauter Z, Jaskolski M., “Protein crystallography for non-crystallographers, or how to
get the best (but not more) from published macromolecular structures”, FEBS J. 2008 Jan;275(1):1-21

Web links:

*NAMD http://www.ks.uiuc.edu/Research/namd/
*VMD http://www.ks.uiuc.edu/Research/vmd/
*AMBER http://ambermd.org

*CHARMM http://www.charmmtutorial.org
*GROMACS http://www.gromacs.org

L AMMPS http://lammps.sandia.gov



http://www.ks.uiuc.edu/Research/namd/
http://www.ks.uiuc.edu/Research/vmd/
http://ambermd.org
http://www.charmmtutorial.org
http://www.gromacs.org
http://lammps.sandia.gov

